Abstract Electroporation relates to the cascade of events that follows the application of high electric fields and that leads to cell membrane permeabilization. Despite a wide range of applications, little is known about the electroporation threshold, which varies with membrane lipid composition. Here, using molecular dynamics simulations, we studied the response of dipalmitoyl-phosphatidylcholine, diphytanoyl-phosphocholine-ester and diphytanoylphosphocholine-ether lipid bilayers to an applied electric field. Comparing between lipids with acyl chains and methyl branched chains and between lipids with ether and ester linkages, which change drastically the membrane dipole potential, we found that in both cases the electroporation threshold differed substantially. We show, for the first time, that the electroporation threshold of a lipid bilayer depends not only on the ''electrical'' properties of the membrane, i.e., its dipole potential, but also on the properties of its component hydrophobic tails.
Introduction
Electroporation relates to a phenomenon in which cell membranes are permeabilized when they are exposed to high electric fields (Neumann and Rosenheck 1972) . Several studies based on molecular dynamics (MD) simulations have shown that pores are formed when lipid bilayers, considered as simple models of cell membranes, are subject to such conditions. First, defects (water wires) penetrate the hydrophobic core of the bilayers; then, these expand to form water-filled pores spanning the whole bilayer, which are later stabilized by reorganization of lipid molecules (Levine and Vernier 2010; Tarek 2005; Tieleman 2004 ). Cell electroporation is used in several fields, like biology, biotechnology and medicine (Haberl et al. 2013) . Electroporation is considered reversible if cells recover their initial state after the electric field is switched off; electroporation is considered irreversible if it leads to cell death. These two processes are used in electrochemotherapy (Sersa et al. 2008) , transdermal drug delivery (Denet et al. 2004) , gene therapy (Daud et al. 2008; Breton et al. 2012) , water cleaning (Vernhes et al. 2002) , food processing (Toepfl et al. 2007 ) and tissue ablation (Davalos et al. 2005) .
Electroporation is also a potentially valuable method used to release drugs from uploaded synthetic liposomes (Napotnik et al. 2010) , when these reach selected intracellular target areas (Elbayoumi and Torchilin 2010) . Obviously, the electroporation of synthetic liposomes depends on the structure of their constitutive lipids and on their response to an applied electric field (Portet et al. 2009 ). Accordingly, for efficient use of the protocol, the structure of the membrane and its behavior under an electric field have to be known.
Archaea membranes have high stability in harsh environments (Benvegnu et al. 2004; Ulrih et al. 2009 ) and as such are very good candidates for use as liposomes for drug delivery (Hanford and Peeples 2002; Ulrih et al. 2009 ). Their stability is probably due to several factors that directly relate to the peculiar chemical structure of the lipids of which they are composed. Compared to simple phosphatidylcholine lipids, archaeal lipids have a special headgroup formed of sugar moieties but also methyl branches in the lipid tails and ether linkages instead of ester linkages between the headgroup and the carbonyl region (Ulrih et al. 2009 ). Comparison between dipalmitoylphosphatidylcholine (DPPC)-, diphytanoyl-phosphocholine-ester (DPhPC-ester)-and diphytanoyl-phosphocholine-ether (DPhPC-ether)-based bilayers show, for instance, that branched chains increase the stability and decrease the permeability (Shinoda et al. 2003 (Shinoda et al. , 2004b of the membrane, which are related to the slower conformational motion of the lipid tails. The difference in ester and ether linkage affects, on the other hand, the headgroup hydration and the membrane electrostatic potential. DPhPC-ester bilayers, for instance, have a dipole potential two times larger than DPhPC-ether bilayers (Shinoda et al. 2004a) . We may therefore expect a direct effect on the stability of such bilayers under electrical stress, i.e., exposure to an electric field. Similar studies have reported effects on 1,2-dilauroyl-sn-phosphatidylcholine (DLPC), DPPC, palmitoyl-2-oleoyl-phosphatidylcholine (POPC), 1,2-dioleoyl-sn-phosphatidylcholine (DOPC), single-component lipid membranes (Ziegler and Vernier 2008) and POPC lipid membranes with incorporated cholesterol (Fernández et al. 2010) . In both studies transmembrane voltages were induced by exposing the membranes to an external electric field. The results showed that different lipid tails have an effect on the electroporation threshold. In addition, the presence of increasing cholesterol amounts in simple lipid membranes was shown to increase the electroporation threshold (Needham and Hochmuth 1989) .
In the present article, we propose specifically to evaluate the influence of branched lipid tails and headgroup linkage (ester and ether) on the electroporation of bilayers composed of archaeal-type lipids using atomistic MD simulations.
Materials and Methods
We studied three bilayers composed of DPPC, DPhPCester or DPhPC-ether lipids (Fig. 1) . DPPC was modeled using the all-atom CHARMM 36 force field (Klauda et al. 2010) . DPhPC-ester and DPhPC-ether are not described in this force field topology database; the former was therefore built by adding four methyl groups to each tail of DPPC lipid, while the latter was subsequently built by changing the ester bond to an ether bond in the DPhPC-ester molecules. The force field parameters of ether linkage were adopted from Shinoda et al. (2004a) .
The MD simulations presented here were carried out using the program NAMD (Kalé et al. 1999) . The systems were examined in the NPT (constant number of atoms, pressure and temperature) and NVT (constant number of atoms, volume and temperature) ensembles employing Fig. 1 Left Sketches of the studied lipid molecules (DPPC, DPhPCester and DPhPC-ether) . Right MD models of the studied lipid molecules (DPPC and DPhPC-ester, the DPhPC-ether is not shown due to similarity to the DPhPC-ester). The atoms in the models are color-labeled (O, red; C, cyan and yellow; H, gray; N, blue; P, brown) Langevin dynamics and the Langevin piston method. The time step for integrating the equations of motion was set at 2.0 fs. Short-and long-range forces were calculated every one and two time steps, respectively. Bonds between hydrogen and heavy atoms were constrained to their equilibrium value. Long-range, electrostatic forces were taken into account using the particle mash Ewald (PME) approach (Darden et al. 1993; Essmann et al. 1995) .
All systems were considered at a *0.45 M KCl solution and contained enough lipids to form large patches. The DPPC bilayer was hence composed of 256 lipid molecules, 20,174 water molecules, 153 potassium (K ? ) ions and 153 chloride (Cl -) ions. The DPhPC-ester and DPhPC-ether membranes were composed each of 256 DPhPC molecules, 25,888 water molecules, 196 K ? ions and 196 Cl -ions. The numbers of ions and water molecules differ among systems, but the chosen salt molar concentration was the same for all systems. For further calculation, systems without ions were also considered and constructed by removing the ions from the equilibrated DPhPC-ester/ether systems with ions. These were mainly used to compare our results to existing data in order to check the validity of the force field and the protocols used.
Equilibrations of the bilayers were performed at constant pressure (1 atm.) and constant temperatures (50 and 25°C) for tens of nanoseconds. The last 15 ns of each simulation had a stable area per lipid; therefore, these intervals were assumed to be equilibrated runs and were used for the analyses.
The electrostatic potential profiles along the membrane normal was derived from MD simulations using Poisson's equation and expressed as the double integral of the molecular charge density distributions, qðzÞ:
ð Þdz 00 dz 0 , z being the position of the charge in the direction along the normal to the bilayer. The capacitance of the simulated membranes was calculated using the charge imbalance method (Delemotte et al. 2008; Sachs et al. 2004) . Selected configurations from the equilibrated NPT runs were used to set new systems, where the simulation box size was extended in the direction perpendicular to the membrane to create an air-water interface. For these runs, the temperature was maintained at 50°C and the volume was maintained constant. Systems with charge imbalances of 0, 2, 4, 6 and 8e were simulated for over 10 ns each. The last 5 ns of simulation were analyzed for electrostatic potential distribution, from which the transmembrane voltages (U t ) were calculated. For all simulations, U t was found in a linear correlation with q, the charge imbalance normalized to the membrane area. Accordingly, the capacitance of the bilayers was estimated as c ¼ q=U t .
Electroporation of the lipid bilayers was induced by applying high transmembrane voltages created by means of the charge imbalance method. All MD simulations were run at several voltages. The electroporation threshold (U EPthres ) is reported as the interval between the highest U t at which lipid bilayers are not electroporated in the 100-ns timescale and the lowest U t at which pores are created in the membrane.
Results
The time evolutions of the surface area per lipid for DPPC, DPhPC-ester and DPhPC-ether bilayers in 0.45 M KCl at 50°C and in no-salt solutions at 50 and 25°C show that the membranes were well equilibrated within few tens of nanoseconds (data not shown). The average areas per lipid for both DPhPC-ester and DPhPC-ether (respectively, 80.1 ± 0.6 and 74.6 ± 0.7 Å 2 ) are much higher than for the DPPC bilayer (60.0 ± 0.9 Å 2 ) ( Table 1) . Note here that the average DPPC area/molecule value found here is similar to that reported by Klauda et al. (2010) (59.1 ± 0.4 Å 2 ) and smaller than the experimentally reported one, 63.0 ± 1.0 Å 2 (Kucerka et al. 2008) , with no ions. The areas per molecule for the DPhPC-ester and DPhPC-ether bilayers slightly change in the absence of salt and as the temperature is further lowered to 25°C (Table 1) . At 25°C the values found here for DPhPC-ester and DPhPC-ether (78.6 ± 0.6 and 73.6 ± 0.4 Å 2 ) match quite nicely those reported by others (Shinoda et al. 2004a ) (77.7 and 74.1 Å 2 ). Finally, as a comparison, the experimentally determined area per molecule for DPhPC-ester is 76 Å 2 (Wu et al. 1995) , which provides some confidence in the force field and protocol used here. The density profiles across the DPPC, DPhPC-ester and DPhPC-ether bilayers in KCl solution are reported in Fig. 2 .
The electrostatic potential profiles across the DPPC, DPhPC-ester and DPhPC-ether bilayers were estimated from the distribution of charges in the systems using the Poisson equation. The presence of ions in the systems does not modify the electrostatic potential profiles much (data not shown). Also, the lipid bilayers at temperatures of 50 and 25°C have similar overall electrostatic potential profiles; therefore, these profiles are shown only for systems with ions (Fig. 3) . Because of the similarity of their headgroups, DPPC and DPhPC-ester electrostatic profiles are very close. There is, in contrast, a large difference between the profiles of ester and ether DPhPCs. The socalled membrane dipole potentials (measure of the difference between voltages between the outside and the hydrophobic core of the membrane) of DPPC, DPhPC-ester and DPhPC-ether measured from the corresponding electrostatic profiles are, respectively, 0.70, 0.62 and 0.36 V.
For DPPC, there is a large difference between the experimental dipole potential values [using the charge relaxation method 0.23 V (Gawrisch et al. 1992 ) and 0.24 V (Peterson et al. 2002) ] and those derived from our MD simulations, which are consistent with the 0.7 V found using a similar force field (Klauda et al. 2010 ). However, for DPhPC, the simulation data are in good agreement with those derived using cryo-EM, where the dipole potentials for DPhPC-ester and DPhPC-ether were, respectively, 0.51 and 0.26 V (Wang et al. 2006) . Similar analyses were performed for the systems with no salt concentration and at lower temperature. These changes, as previously mentioned, had little effect on the shape of the electrostatic profiles; and accordingly, the magnitudes of the dipole potentials were quite similar (Table 1) .
Lipid bilayers behave as capacitors (Delemotte et al. 2008) . Hence, by imposing a charge imbalance across the lipid bilayers (DPPC, DPhPC-ester and DPhPC-ether), one may create a transmembrane voltage across these bilayers. These transmembrane voltages are found to be proportional to the charge imbalance normalized to the lipid bilayer area (Fig. 4) . By imposing charge imbalances (0, 2, 4, 6 and 8e) to the modeled systems at 0.45 M KCl, we have estimated their capacitances. There is only a mild difference (0.94, 0.93 and 0.90 lF cm -2 ) between the values found, respectively, for DPPC, DPhPC-ester and DPhPC-ether. Again, there is a discrepancy between these values and those determined experimentally: *0.38 lF cm -2 of DPPC (Antonov et al. 1990 ) and DPhPC-ester bilayers found by others to range from 0.5 to 0.6 lF cm -2 (Ridi et al. 1998) . Consistent with previous studies on POPC (Kramar et al. 2012) , all capacitance values determined from atomistic simulations were much higher than those determined experimentally.
Having hence characterized the electrostatic properties of the three bilayers, we performed additional simulations in order to determine U EPthres , i.e., their electroporation thresholds. Simulations of DPPC, DPhPC-ester and DPhPC-ether lipid bilayers at several applied transmembrane voltages were performed. The times the hydrophobic pore is created and the first ion goes through the pore are shown in Table 2 . In all simulations, above the threshold, the pores are created in the 30-ns timescale. For voltages where no pore was created, the simulations were extended for more than 60 ns. Hence, electroporation of DPPC, DPhPC-ester and DPhPC-ether lipid bilayers did not occurr at, respectively, *1.8, 2.3 and 3.0 V for extended-length simulations. On the contrary, electroporation (creation of pores) of the lipid bilayers occurred in less than 30 ns for DPPC, DPhPC-ester and DPhPC-ether bilayers at, respectively, *2.3, 3.0 and 3.7 V.
Discussion
In this MD simulations study, we compared DPPC-, DPhPC-ester-and DPhPC-ether-based lipid bilayers characteristics and responses to electrical stress. Analyses of the simulations of the bilayers showed that the electrostatic potentials across the DPPC, DPhPC-ester and DPhPC-ether bilayers are independent of the surrounding solvent salt concentration and only slightly change for temperatures varying from 25 to 50°C. These electrostatic potentials depend, however, on the membrane's lipid composition, in particular, the nature of the tails and to a much greater extent the nature of the linkages (ester and ether) from headgroup to tail.
We investigated the stability of DPPC, DPhPC-ester and DPhPC-ether bilayers under an electric stress. Comparison of the electroporation thresholds obtained from MD simulations under conditions mimicking the effect of lowmagnitude millisecond electric pulses suggests that both the nature of the lipid tails and the type of linkages (ester and ether) have an effect. Changing the lipid from DPPC to DPhPC, i.e., addition of methyl groups in the hydrophobic tails, stabilizes the lipid bilayer and increases the electroporation threshold, U EPthres . Changing the ester linkage with an ether when going from DPhPC-ester to DPhPC-ether stabilizes even more the bilayer and increases further the U EPthres . Hence, the U EPthres values for DPPC, DPhPC-ester and DPhPC-ether bilayers were between 1.8 and 2.2 V, between 2.3 and 2.7 V and between 3.0 and 3.4 V, respectively. Note that fine-tuning these ranges can be achieved if the systems modeled were much larger lipid patches. The ranges nonetheless indicate here clearly a threshold increase.
These ''absolute values'' of the U EPthres increase are probably overestimated, as are so far all the electroporation thresholds determined from MD simulations. It is not yet clear to us what are the reasons behind such large discrepancies between electroporation thresholds found in simulations and those determined experimentally. Considering the electrical properties of the membranes, the dipole potential of DPPC-based membranes is in agreement with other MD simulations but is much higher than experimental results measured by invasive methods (Table 1) . On the other hand, the membrane dipole potentials of DPhPCester and -ether membranes are only slightly higher than those determined experimentally using noninvasive methods (e.g., cryo-EM). Quite interestingly, the ratio between membrane dipole potentials of DPhPC-ester and -ether determined from MD simulations (*2) is the same as that found in experiments. We also considered the link to the lipid tail properties via the permittivity of the membrane, e, and therefore the capacitance, C, of the bilayer: C ¼ eA=d. The capacitances of the membranes measured using the charge imbalance method for all three lipids are around 0.9 lF cm -2 , which is about two times higher than those obtained experimentally. A similar discrepancy was obtained for POPC bilayers (Kramar et al. 2012) . We performed a few analyses seeking to relate the reason for changes in the electroporation threshold between the lipid bilayers to their structural and physical properties. The profiles of the three bilayers indicate only a mild change in the density profiles between the three components and, therefore, do not provide strong evidence of variability that can be directly correlated with the changes in U EPthres . The correspondence between U EPthres and the lipid bilayer capacitance is also weak since the force fields used do not provide for a large change in the lipid bilayer capacitances, while there is a significant change in their U EPthres .
We have also estimated the local pressure profiles (Lindahl and Edholm 2000) along z, the bilayer normal, at various system configurations. The pressure profiles may be calculated from simulations as p z ð Þ ¼
, where p(z) is the local pressure tensor in the slab centered on the coordinate z, the sum over the kinetic term running over all atoms in the slab and f z; z i ; z j À Á a weighting function. All calculations were performed on the fly (Kalé et al. 1999 ) from the simulations performed at constant temperature and constant pressure. In a lipid bilayer, pressure profiles arise due to the amphipathic nature of the lipids composing it: the hydrophilic headgroups are squeezed together to prevent exposure of the hydrophobic tails to the solvent leading to a negative lateral pressure, while the attractive dispersion forces and entropic repulsion between the lipid tails result mainly in a positive lateral pressure.
Comparison of the pressure profiles of DPPC and DPhPC-ester (Fig. 5) showed again only a mild increase for the branched chain lipid bilayer in the upper region of the hydrophobic tails. It is unlikely that such an increase in the local membrane lateral tension affects greatly the U EPthres . Shinoda et al. (2004b) performed an extensive study of water permeability in both membranes that may provide a rationale for the increased electroporation threshold as we go from DPPC to DPhPC. Indeed, the authors show from analyses of local diffusion coefficients that water molecules have considerably reduced mobility in the DPhPC membrane interior compared with the DPPC membrane interior. As a result of reduced water diffusion in the branch chained membrane, the water permeability of the DPhPC bilayer was less than that of the DPPC bilayer by about 30 %. As such permeability or diffusion toward the interior of the membrane is the very initial key step in electroporation Tockman et al. 2013) , we expect that this has a direct impact on U EPthres . Evidently, more studies comparing different lipid bilayers are needed in order to understand and determine the link between the electroporation threshold and the specificities of the lipid components of a membrane. The present results, however, show clearly that the electroporation threshold of a lipid bilayer depends not only on the ''electrical'' properties of the membrane, i.e., its dipole potential, but also on the properties of its components' hydrophobic tails.
